Introduction

22
Coke wastewater is a complex industrial wastewater present 23 in many steel production facilities that originates from the pro- 
29
The substances exiting the coke ovens as liquids under ambi-30 ent conditions undergo further processing so as to obtain by-31 products such as ammonium sulphate, the resulting wastewater 32 from these processes constituting coke wastewater, which con-33 tains considerable amounts of toxic compounds such as CN − ,
34
SCN − and phenols [1] [2] [3] .
35
Phenol is a highly toxic organic compound even at low 36 concentrations and its presence in aqueous media is severely 37 * Corresponding author. Tel.: +34 985182027; fax: +34 985182337.
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restricted by current legislation. Coke wastewater also contains 38 high concentrations of ammonium salts, thiocyanates and chlo-39 rides, though low concentrations of heavy metals, and very low 40 levels of phosphorus [4, 5] . The individual concentrations of each 41 pollutant vary due to the different types of coal and conditions 42 used in the coking process.
43
In a biological nitrification process, the autotrophic microor-44 ganisms that oxidize the NH 4 + -N are normally sensitive to the 45 presence of certain chemical substances such as phenols [6] . 46 However, this sensitivity can be overcome by decreasing the 47 effective concentration of the inhibiting compounds by means 48 of adsorption, precipitation, quelation and biodegradation. Nitri-49 fying microorganisms may also develop a tolerance to the 50 inhibitors. Other compounds contained in coke wastewater that 51 have a toxic effect on oxidizing bacteria, both autotrophic and 52 heterotrophic, are CN − (at concentrations higher than 50 mg/L), 53 SCN − and NH 4 + -N itself at high concentrations [7] . Similarly, 54 biological degradation of SCN − is also affected by the presence 55 The pH of the first reactor was kept around 6-6.5, found to 139 be the optimum value for the biodegradation of thiocyanates in 140 a previous study [9] , in agreement with other researchers [8] . 141 The second reactor was operated at a pH of 8-8.5 to favour 142 nitrification. The temperature of both reactors was kept constant 143 at a value of 35 ± 0.5 • C by means of a heating element. This 144 temperature was chosen due to the fact that the temperature of 145 coke wastewater at the steel works usually varied between 35 and 146 45 • C, Moreover, as is well known, mesophilic microorganisms 147 operate in the range 10-35 • C, the reaction kinetics increasing 148 with temperature.
149
The volatile suspended solids in the mixed liquors repre-150 sented an average percentage value of 75% of total suspended 151 solids and ranged between 2.0 and 3.0 g/L. The sludge generally 152 presented good settling conditions throughout the entire oper-153 ation (Sludge Volume Index, SVI, lower than 100 mL/g). The 154 oxygen concentration in the reactors was always kept above 155 3 mg/L.
156
Different volumetric flow rates were employed and thus dif-157 ferent hydraulic retention times (HRT). Table 1 shows the differ-158 ent HRT employed and the average concentrations of pollutants 159 during the different steps of the study. Due to variations in the 160 composition of the coke wastewater, it was very difficult to main-161 tain a fixed value for the organic loading rate (OLR) and for the 162 nitrogen loading rate (NLR), and so the chosen operating param-163 eter was the HRT. Table 2 shows the values of OLR, NLR and 164 food to microorganisms ratios (F/M) for the different working 165 conditions.
166
The study of the final denitrification stage commenced once 167 the two-step process was operating steadily, with HRT of 96 168 and 86 h in the first and the second reactor, respectively, and an 169 effluent recycling ratio of 2. The final effluent from the two-step 170 Table 1 Average composition of coke wastewater under different working conditions 
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of around 80% were obtained for an HRT 1 of 61 h, increasing 241 to around 90% when the effluent was recycled, except for a 242 recycling ratio of 3, for the aforementioned reason. 
249
As can be seen in Table 2 
Removal of NH 4 + -N
264
One of the aims of the two-step process was to remove 265 NH 4 + -N in a second reactor once the major part of COD, phe-266 nols and SCN − had been removed in the first step. Autotrophic 267 nitrifying microorganisms need to have a certain available alka-268 linity. With an average alkalinity value in the wastewater of 269 0.25 gCaCO 3 /L and for an initial NH 4 + -N concentration of 270 around 200 mg/L, the ratio kgCaCO 3 /kgNH 4 + -N is 1.25, a 271 clearly low value [10, 17] . In a previous study, a value of 272 6.5 kgCaCO 3 /kgNH 4 + -N was found to be the optimum for 273 NH 4 + -N removal in this coke wastewater [9] . Therefore, alka-274 linity was added throughout the entire study to the nitrification 275 reactor in the form of sodium bicarbonate. + -N concentrations than the influent, which means that 282 nitrification was partially taking place in the first reactor. This 283 could be the result of poor control of pH during that period (aver-284 age pH 8.5 in the first reactor), since pH values of between 7.8 285 and 8.9 favour the nitrification process [18, 19] . From Day 150 to 286 240, operating at higher HRT but without recycling of the final 287 
291
The highest ammonium removal (99%) was obtained when where N is the volumetric nitrification rate (kg NH 4 + -N 316 removed/m 3 /day).
317
According to the theoretical curve, in the absence of SCN − , 318 0.081 kgNH 4 + -N/m 3 /day could be removed, whereas for SCN − 319 concentrations higher than 150 mg/L, the denitrification rate 320 decreases to 0.037 kgNH 4 + -N/m 3 /day.
321
To evaluate whether the nitrification process functions cor-322 rectly, measurement of the NH 4 + -N concentration alone would 323 be insufficient, since this does not confirm that the final product 324 obtained is NO 3 − . In some cases, the final transformation of 325 NO 2 − to NO 3 − in the final nitrification step may be inhibited, 326 especially when the concentration of dissolved oxygen in the 327 mixed liquor is lower than 2 mg/L or when SRT lower than 15 328 days are employed [20, 21] .
329
Throughout this study, the concentration of both compounds 330 was measured regularly, no NO 2 − being detected, the NO 3
concentration ranging between 282 and 428 mgNO 3 − -N/L.
332
In order to remove the nitrate formed in the nitrification pro-333 cess, the effluent from the two-step process was treated in a 334 third reactor of 10 L volume. Table 3 shows the average con-335 centrations of the different pollutants in the effluent entering 336 the denitrification reactor for the different HRT employed. The 337 concentrations of COD, phenols and SCN − fed into the denitri-338 fication reactor were very low, since these pollutants had already 339 been removed in the previous steps. COD values ranged between 340 165 and 220 mg/L and therefore, as denitrifying microorganisms 341 are heterotrophic, methanol was added in this study as an exter-342 nal organic carbon source.
343
The methanol dosage employed was varied throughout the 344 study so as to determine the optimum value that would give rise 345 to maximum nitrate removal and would not increase the COD of 346 the effluent. During the first 16 days, a ratio of 6.7 mgCOD/mg 347 NO 3 − -N was used to favour heterotrophic growth. A high 348 removal of nitrates was observed, although an important increase 349 of the effluent COD also occurred (Figs. 7 and 8 Table 3 Average characteristics of coke wastewater and the influent to the denitrification reactor during the three-step study efficiencies were very high (ranging between 81.9 and 99.9%),
363
even for the lowest HRT tested (or highest loading rates: The concentration of the rest of the pollutants did not experi-376 ment any change during this final step. Table 4 shows the average 377 concentrations of the different pollutants in the final effluent as 378 well as the average removal efficiencies obtained under the dif-379 ferent working conditions employed in the three-step process. 380 The lowest concentrations of pollutants obtained were 251 mg 381 COD/L, 2.6 mg phenols/L, 4.8 mg SCN − /L, 1.3 mg NH 4 + -N/L 382 and 2.8 mg Total-N/L. 
392
The biological treatment of coke wastewater in a two-step 393 activated sludge system is favoured when an effluent recycling 394 ratio of 2 is employed, obtaining average removal efficien-395 cies of 86.2, 98.8, 97.9 and 99.3% for COD, phenols, SCN − 396 and NH 4 + -N, respectively, for a total HRT of 184 h (98 h 397 in the first step and 86 h in the second). Under these condi-398 tions, the removal of COD, phenols and SCN − takes place 399 mainly in the first reactor, whereas nitrification occurs in the 400 second. Recycling of the effluent leads to lower concentra-401 tions in the reactors and less inhibition phenomena between the 402 microorganisms responsible for SCN − and NH 4 + biodegrada-403 tion.
404
If denitrification is carried out as a third step, a methanol 405 dosage of 1.2 L/m 3 (which represents a consumption of 3.5 mg 406 COD/mg NO 3 − -N) must be added in order to achieve very high 407 removal efficiencies (>99%). A slight increase in the final efflu-408 ent COD takes place (from 176 to 251 mg O 2 /L) as a result of 409 this addition of methanol. 
